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SUMMARY

The primary purpose of the present report is to demonstrate

A e

o how well the Euler equations in a supersonic marching program
(SWINT) can predict the flow fields of bodies, wings, and wing-

¥
“
)

. A A

body combinations. The motivation is to see if the Euler

% -' equations will predict the fin loads in highly vortical flow
~;": + fields for cruciform missiles. Body-alone and wing-body flow
5 & fields were measured in the Bumblebee Program at a position
RS where a tail might be placed. Those data, compared with the
A predictions of the Euler code, showed problems in both data and
"’ ’ predictions. The data sometimes exhibited lack of repeat-
3} . ability which prevented critical comparison of data and theory
ﬁ in many instances. Also the lack of a sufficient number of
: nodes in the reverse flow regions of the flow made it difficult
-?- 1 to get good predictions in this area. Some improvements were
f N obtained by clusterix:xg. Generally the flow quantities on the
. windward side of the body and wing-body were prediéted and
N measured more accurately than on the leeward side of the body.
;:'.f Study of a rectangular wing model of MR = 2 at M_ = 2.86
’:"" showed that both the Euler code and a supersonic panel method
A ?«. modified for nonlinearities by shock-expansion theory predicted
,l -~ and measured pressure distribution well. Computer studies of the
.,‘: 2, flow field behind the wing showed that wing thickness effects
‘ N had only a small effect on the calculated flow field. Also,

imposition of a Kutta condition at the wing side edge had a
;: small effect on the calculated flow field. This is attributed
to the fact that the Euler code imposes a pseudo Kutta condition
of its own since vorticity is shed from the side edge in the

o35

calculation. It was, however, essential to include a Kutta-
like condition on the body at its primary separation line.

. r o
Aciry

A calculative example of a wing-body-tail was carried out
E using the Euler code wherein strong canard vortex effects on

the tail were present. No data to verify the calculation are
o available.
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S 1. INTRODUCTION

v For the past several yéars, Nielsen Engineering &

-_JE: . Research, Inc. (NEAR) has been engaged in studying means of

“ .'37- incorporating vortex effects into the Euler equations so that

S a prediction method for handling both compressibility and viscous

R " effects can be developed without recourse to the more complicated

e T i Navier-Stokes equations. This approach is based on the knowledge

1:. that many high angle of attack vortical phenomena encountered by

i - missiles and airplanes are dominated by convection rather than

P diffusion of vorticity. The work has significance in several

\ xs ways. First, the feasibility of using Euler codes for complete

":'. - vehicles is of interest in itself since problems of missiles

> a and airplanes at high angles of attack can now be treated only

}3 - by approximate engineering methods. Secondly, such Euler codes

::2 :;f: can provide bench-mark cases for evaluating the approximate

AN engineering methods now used in the preliminary design of

' airplanes and missiles.

: ’ The compressibility nonlinearities associated with shock

v C}‘ waves and expansions are well~handled by the Euler equations

SN in their capturing mode, but the viscous nonlinearities require

X Q special treatment. The viscous nonlinearties of interest

ey include:

:& '.z

"'.‘ X a. Vortex formation at subsonic leading edges and side
edges of wings and fins.

Brat s

‘:: X b. Separation of symmetrical body vortices at moderate

: ~ to high angles of attack (a > 10°).

e G c. Interactions of fins with vortices.

S5 T

"' i“ The results of investigations for items a, b, and c have

" b been published in References 1-3, respectively.

N 4

.4 *
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% Each of the investigations described in References 1-3
ii has examined a particular aspect of the problem of introducing
R viscous effects into the Euler code. For application of a
Sﬁ supersonic marching Euler code to complete configurations, such

3 as a wing-body-tail combination, further investigation and veri-
fication is needed. 1In particular, the rolling up of fin
vortices, their interaction with the afterbody vortices, and

- their subsequent effect on the empennage need to be investigated.
This area is the subject of the present report. In addition,
results of investigation of the strong interaction between a
vortex and a fin as occurs when the vortex passes close to or

. is bisected by the fin itself are presented.

2. PREVIOUS WORK

The previous work accomplished under ONR Contract N000l4-
78-C-0490 reported in References 1, 2, and 3 will now be
reviewed since this work has bearing on the presently reported
'g research.

In Reference 1 the general treatment of the Euler equations 1
with separation at a sharp subsonic leading edge was developed
including the application of the Kutta condition to the leading
edge. As an application of the theory, the pressure loading .
was calculated on an R = 1 delta wing at M, = 2.86 and a = 10°. 3
No wing thickness effects were included. The pressure loading,

5% the difference in pressure coefficient between lower and upper "
surfaces, was compared with data taken from Reference 4. The )
agreement was quite good. The method was then applied to a 3
special delta wing-body combination with rounded wing-body .
o junctures on both surfaces to avoid singularities at these 3

points. No data were available for comparing pressure loadings

on the wing, but the overall fin normal force exhibited large ~
adverse effects of wing-body interference shown by fins of the 5
same planform (R = 1) but without faired wing-body junctures.
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The second year of work reported in Reference 2 was con-
cerned principally with separated flow over bodies of revolution.
The Kutta condition for a sharp subsonic leading edge was
modified to apply to a specified primary separation line on a
body of revolution. Five conditions must be specified. A
parametric study of these conditions showed that the separation
location is the principal condition, and the separated flow
is insensitive to the other conditions. The Euler code with
the bcdy of revolution Kutta condition was applied to an ogive-
nose cylinder for which data were available for M_ = 3.0 and
a = 15° for the flow field. Comparisons between the predicted
and measured flow fields showed generally good agreement except
above the body where the upwash was overpredicted. It is thought
this result may be due to the neglect of secondary separation.
The predicted circulation about an experimental contour contain-
ing most of the vorticity compared well with the data.

In the third year's work, several tasks were undertaken.
First, the locations of the primary separation lines on cones
and cylinders at high angles of attack were correlated as a
function of cone half-angle, angle of attack, and free-stream
Mach number. These correlations provide data for specifying
the positions of separation lines which are required in using
the Kutta condition.

The Euler equations were applied to a cone at high angle
of attack, above the half angle, using the Kutta condition, and
the predicted pressure distributions compared well with the
measured pressure distribution on the cone.

A second calculative example was run of a wing-body combina-
tion consisting of a cone of length 3D, a cylindrical afterbody
of length 5D, and a winged section of length 2D with an aspect
ratio 2 delta wing. The conditions were M_ = 3.0 and a = 25°,
The pressure distribution on the cone and cylinder compared
well with data. Since only primary separation was included in

the model, it is clear that secondary separation need not be
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taken into account to obtain good body loading distributions.
Calculations were made for M_ = 3.0 and a = 10° with no wing
thickness, and no body Kutta-condition applied over the winged
part of the configuration. However, the body separation lines
over the winged section were found in the calculative solution
as a result of the persistence of vorticity. Comparisons were
made between the vortex induced velocity normal to the fins as
calculated from the Euler solution and from the Biot-Savart
law with the Euler solution giving slightly more downwash.
Using the downwash distribution due to the Euler solution, a
supersonic panel method (Ref. 5) was used to calculate the fin
pressure distribution associated with the vorticity. Fair
agreement was obtained between this quantity and that for the
Euler solution except in the wing-body juncture.

3. OUTLINE OF RESULTS OF PRESENT WORK

3.1 Preliminary Considerations

A primary purpose of the work presented herein is to
evaluate the ability of the Euler equations to predict the flow
fields behind wings and fins of a wing-body combination. If
such predictions can be made with engineering accuracy, then the
interference on the empennage of the body and forward lifting
surfaces can be calculated. The Euler code can then be applied
to wing-body-tail combinations.

There are few data available which are suitable for
checking the ability of the Euler equations to predict wing-
body flow fields. It is important that any data be for a
combination which does not produce pockets of subsonic flow
parallel to the body axis, otherwise the supersonic marching
code being used fails. For the set of data used herein, it
was necessary to eliminate wing thickness effects on downwash

for this reason. A check was made on the importance of thickness
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on the downstream flow field using a rectangular wing at

M_= 2.86. The effect of the Kutta condition at the side edge on

the flow field was also investigated.

3.2 Rectangular Wing Alone

While no flow-field data behind a rectangular wing alone
were avilable, such data were available for a rectangular wing-
body combination (Refs. 6-9). Pressure distributions were
obtained for a rectangular wing alone. They will be discussed
in Section 4 prior to discussing the wing-body combination.
The wing-alone case provides an opportunity to study the effec
of wing thickness and the Kutta condition on the wing wake.

In addition, pressure distributions will be compared as calcul
by the Euler equations and by a supersonic panel method (Ref.
The wing alone given in Figure 1 is an R =2 rectahgular wing
for which pressure distributions are given in Reference 4.

3.3 Rectangular Wing and Body Combinations

The rectangular wing and body combination (Fig. 13) for
which data are available (Refs. 6-9) has a body consisting of
a 15° half-angle cone followed by 4.70 diameters of cylindrical
body. An aspect ratio 2 wing is mounted on the cylindrical
body with a radius/semispan ratio of .255. The survey station
is 2.92 body diameters behind the wing trailing edge.
Comparisons will be made in Section 5 between the data and
Euler code predictions for local Mach number, local dynamic
pressure, and local angle of attack normal to a fin at various
roll orientations. These are the basic data needed to perform
a strip theory integration to obtain fin normal force.

R S R T R L PR
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3.4 Body-Canard Combinations with
Interdigitated Tails

This example is an hypothetical case for which no data
are available. It is presented to illustrate the application
of the Euler code for a zero roll case and to study a vortex
field in close proximity to the tail fins. The horizontal
canard fins develop strong vortices which tend to rise above
the body. The interdigitated tail fins were placed close to
the angular position of the canard vortices in the survey plane.
In this way the tail fins are subject to interference from
vortices in close proximity.

4. RECTANGULAR WING EXAMPLE

4.1 Preliminary Considerations

The example rectangular wing taken from Reference 4 has an
aspect ratio of 2 and is shown in Figure 1. All edges are
beveled with 15° half angles normal to the edges. The calcula-
tions will be made for a Mach number of 2.86 and an angle of
attack of 10°. The shock detachment angle is about 33° for
M_= 2.86. The 1eading-edgé shock is attached in the Euler
solution at a = 10° since the wedge angle of 15° produces a
local angle of attack change of 25° at the leading edge.

The calculations were made using the Euler code of
Reference 10. Calculations extending into the wake region
were made with and without the Kutta-conditic=2 and with and
without wing thickness to investigate the influence of these
parameters on the wake velocity profiles. Also, some calcula-
tions were made with program LRCDM, a supersonic paneling

program, for comparison with the Euler results and with data.
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With regard to the initial conditions, a special procedure
was required to start the calculations for the wing alone
because the grid system of the computer program is a polar
system. Such a system centered on the root chord would have a
singularity there. The flow was started by considering a large,

reflection plane.* The grid system used was a nonorthogonal
polar system centered on the fuselage longitudinal axis with
unequal angular increments clustered about the wing plane
and with variable radial increments. See Figure 2. The

radial spacing was one-thirtieth of the distance between the
fuselage and a circular boundary containing it. The wing
boundary conditions were applied in the wing chord plane.

Consider the nodal points along the radial line on which
the wing boundary conditions are specified. Let n be the
index of the nodal point on the wing closest to the wing tip.
(Generally the wing tip is not a nodal point.) A

*
We are indebted to the authors of Reference 10 for this idea.
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predictor-corrector relationship was used to determine the
pressure and density at point n as follows:

P, (n) =-]2'- [p(n - 1) + pp(n)]
(1)

_ 1
Pp(n) =3 [p(n - 1) + p (n)]
pp,Op = predicted values
P,rPp = new value

The fluid velocity Vn follows from Pn and Pye Let en be the
flow angle at node n interpolated between the leading-edge
angle and the flow angle in the plane of the wing at n - 1.
Then the velocity components at node n are given by

= . . . 3

u, Vn51n6n, radial speed

vy = 0; circumferential speed } (2)
wh T Vncoseﬁ; axial speed J

The essential condition is that v, = 0 at the wing tip.

4.2 Pressure Distribution Comparisons

It is of interest to examine how well the Euler code
predicts the pressure distribution on a rectangular wing in
order to interpret the ability of the Euler code to predict
the wake properties. For instance, the span loading affects
the initial distribution of vorticity leaving the trailing
edge of the wing panel, and this loading depends in turn on the
accuracy of the pressure distribution predictions. Thus,
pressure distributions, span loading, and wake prdperties will

be examined in that order.

u"‘_‘

o0t




‘e PRA

(B8 > A a >

wa,

st =

o8

The first comparisons to be discussed are concerned with
pressure distribution data as measured and as calculated by a
panel code corrected for the difference between supersonic
linear theory and shock-expansion theory since these results
illustrate certain physical phenomena. The panel method and
its nonlinear shock-expansion correction procedure are described
in Reference 1l on which figure 3 is based. Comparisons are
made between prediction and experiment for a chordwise strip
near the midspan [Fig. 3(a)] and a spanwise strip at the mid-
chord ([Fig. 3(b)].

Examining first the comparison for the near midspan
position, y/s = 0.53, it is seen that the pressure coefficients
on the leading wedges and the midsection are well predicted by
the theory. With regard to the lower surface, the pressure
falls going from the midsection to the trailing wedge, under-
going a considerable expansion which is fairly well predicted.
The shoulder of the trailing wedge has some small forward
influence onto the midsection which should be at constant
pressure. The flow on the top surface going onto the trailing
wedge shows little or no change in pressure coefficient even
though an expansion is predicted. Clearly, the flow has
separated at the shoulder. Near the trailing edge an obligue
shock must straighten out the flow nearly parallel to the free-
stream direction, but no evidence of this shock appears in the
data which goes up to the 0.95 chord position. The separation
will affect the span loading and thereby the wake downwash and
sidewash.

Next, the comparison between prediction and experiment for
the spanwise pressure distribution acting at the midchord
station as shown in Figure 3(b) is examined. The pressures
do not vary significantly with spanwise distance until about the
65 percent semispan location. Near the wing tip on the top

surface more suction pressure is predicted then

13
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measured. On the bottom surface more positive pressure is
predicted than measured. Also, the influence of the wing tip
extends more inboard than predicted. This is probably the
result of the difference between a tip Mach cone based on

M_ = 2.86 in the predictions and one based on a lower Mach
number in the data. The point is, however, that the span
loading predicted on the tip is greater than that measured, a
fact that can influence the trailing vorticity.

Next, the measured pressure coefficients are compared with
those predicted by the Euler code. First, the chordwise pres-
sure distributions at y/s = 0.53 for M_ = 2.86 and a = 10°
are examined (Fig. 4). In the Euler code no Kutta condition
was introduced. A grid of 31 x 31 was used. Separation is
seen again at the shoulder of the trailing-edge wedge, but is
not accounted for in the Euler code. It could be accounted for
by assuming the flow separates parallel to the midsection and
alters the effective wing thickness distribution. The Euler
code exhibits uniform pressure on the leading-edge wedge.

The slightly falling pressure on the midsection is predicted
by the Euler equations.

Turning now to comparison of experiment and prediction for
the pressure coefficients measured along the midchord line,
Figure 5 presents the comparisons. The pressure distribution
on the lower surface is well-predicted except near the wing tip
where the Euler code underpredicts the pressure by a considerable
amount. The pressure distribution on the upper surface is
predicted fairly well inboard but predicts too much suction
pressure at the wing tip. If this behavior is typical of other
constant chordline positions, the span loading at the wing tip
would be overpredicted by the Euler code. The basic behavior
of the Euler code at the wing tip is the result of the way in
which the code handles the vortex shed by the sharp wing tip.
Imposing a Kutta condition at the wing tip will ensure shedding
of the vorticity at the tip. What the Euler code really does

14
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at a subsonic edge without a Kutta condition is not clear,
although there is evidence it yields some vortex shedding there.

To investigate the effect of imposing the Kutta condition
at the tip, the calculations were re-run with the conditions
specified in Equations (1) and (2). Figure 6 compares the
midchord pressure distributions on the outer half of the wing
calculated with and without the Kutta condition imposed. The
Kutta condition does not affect the comparison between experiment
and prediction on the windward side, but improves it on the leeward
side. The difference between the two solutions does not
represent the difference due to a true Kutta condition since,
as noted above, the Euler code without a Kutta condition
imposed a quasi-Kutta condition of its own.

4.3 Span Loading Comparisons

In classical lifting-line theory (Ref. 12) the span-
loading distribution, ccn(y), gives the distribution of trailing
vorticity at the wing trailing edge. The local trailing vortex
strength is given by d/(ccn)/dy. Thus, anything that infuences
the span-loadingdistrikbution will influence the wake downwash
and sidewash. For this reason the various span loading pre-
dictions are compared with the data. The first comparison is
of the span loadings obtained by experiment and calculated by
the nonlinear panel code as shown in Figure 7. While the
results on the inboard stations compare favorably, the results
near the wing tip show that the panel method predicts too
much wing-tip loading.

With respect to the span loading calculated by the Euler
code two cases must be distinguished; one with the Kutta condi-
tion and one without it. 1In Figure 8 the comparisons are made
between the data and the Euler code predictions. It is seen
that the Euler code gives better agreement with the data than

the nonlinear panel method. The difference between the span
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s loadings with and without the Kutta condition is not large
and should not be significant in the wake calculations.

é:i Another factor in span loading, which is of some interest,
'32 is the effect of wing thickness on the span-loading distribu-
.fﬁ tion. For the rectangular wing, which has a half-wedge angle
; at the leading edge, side edge, and trailing edge of 15 degrees,
'E it might be expected that some span loading effect is due to
P wing thickness. The Euler code was used to determine the span-
29 _ wise distributions of < for the rectangular wing with and
v without thickness. These distributions are compared with the
> experimental distribution (shown as a curve) in Figure 9.
j: Over the inboard stations of the wing, which are uninfluenced
. by the wing tip, a significant reduction in normal-force
. coefficient occurs for the no-thickness case. Application of
;:} shock-expansion theory to the thickness and no-thickness cases
lﬁs clearly indicates the reason for this difference. At o = 10°
% with no thickness the shock deflection angle on the lower
- surface is 10° but with thickness it is 25°. The more than
iﬁ linear increase in pressure coefficient with shock deflection
;f angle causes a large increase in the contribution of the front
= wedge section to the local normal-force coefficient compared

- to the no thickness case. Omitting wing thickness at the tip
sﬁﬁ causes an increase in the tip normal-force coefficient as
32 calculated by the Euler code using a Kutta condition. It

appears that neglecting thickness in the Euler code modifies
the wing span loading and thus may influence the calculated
wake flow field. A direct evaluation of this effect will be
shown in the following section.

The only reason to neglect the wing thickness distribu-
tion in the wing flow-field calculation is if the leading-edge
wedge angle causes shock detachment so that calculation by
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supersonic marching is no longer possible. The data for the
flow field behind the wing of a wing-body combination, with
which the Euler code predicfions will be compared in a sub-
sequent section, falls into this category.

4.4 Comparisons of Flow Angles in the Wake

In order to determine how wing thickness and the Kutta
condition influence the flow angles in the wake, a series of
Euler code calculations were made for the rectangular wing of
aspect ratio 2 at M_ = 2.86 and 10° angle of attack. The
flow angle convention in the Euler code is illustrated in
Figure 10. The calculations were made for a half-model mounted
on a hollow rectangular fuselage aligned with the flow so as to
produce no disturbance velocities except for reflections of the
wing waves from the corners of the fuselage. The fiow-field
calculations cover an area generally unaffected by the presence
of the fuselage. The flow is calculated in a plane normal to
the extended chord plane at three chord lengths behind the
trailing edge. 1In this plane a polar coordinate system (R,¢)
is set up around the fuselage centerline. The flow is
calculated external to the fuselage whose vertical wall
is a distance 20.0 units from the centerline and extends vertically
outside the region of influence of the wing. The velocity
components in the 2, R, and ¢ direction are designated as W,

U, and V, respectively. The flow angle normal to the radius
vector is designated g and that radially outward along the
radius vector is designated Bf. Thus,

= arctan (V/W) (3)
arctan (U/W) (4)

Of

Be

It is noted that Bf is not zero on the vertical wall of the
fuselage which represents the vertical plane of symmetry of

the wing.
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;i] Values of ag and Bf on the extended chord plane of the '
¥ wing are given in Figure ll(a). The value of R at the root .
o chord is 20 and at the wing tip it is 30.78. The effects of !
,;E the Kutta condition on the flow angles for no thickness, are

;: minor, while the effects with thickness are somewhat greater. 3
bt The difference in ag can be as large as 0.5° or slightly

R larger. The effects on Bf are generally much less. Thus, it }
fﬁ appears that the imposition of the Kutta condition does not

% change the flow angles significantly either with or without i
% thickness. A similar conclusion is reached regarding the i
ks effect of thickness on the calculated flow angles. It appears

fﬁ' that the effect of thickness on 8. .. generally much less

TS§ than 1.0°. 1In a few cases the effect of thickness on 8¢

- exceeds 1° slightly. Thus, the effect of thickness is not

_;5 large on a; or Bg.

;}5 The second region considered is the vertical plane of

Sﬁ symmetry for which the results are shown in Figure il(b). The

7 leading-edge Mach wave is at a distance Y = 25 above the

:ﬁ extended chord plane (Y = 0) and the leading-edge shock wave

éﬁ with no thickness is at ¥ = -17. Examination of the no-

:ﬁ thickness results show no effect of the Kutta condition on the

flow angles. The maximum effect of the Kutta condition on the
‘Q flow angles with wing thickness is about 0.5° for ag and
o 0.2° for B;. Thus, the effect of the Kutta condition on the
;2 calculated flow angles on the vertical plane of symmetry is

- small.

; Comparing the thickness and no thickness cases with the
:ﬁ' Kutta condition reveals that differences in ae of 1° - 2°
occur on the windward plane of symmetry and differences of
about 1° or less occur on the leeward plane of symmetry; the

E} values with thickness being generally of greater magnitude than
f; those for no thickness. For the windward side the difference
;- in Bf are as great as 1° or more, while for the leeward side

3

the differences are 0.1° to 0.2°. It appears that the stronger
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pressure disturbances on the shock side of the wing cause

greater effects of thickness on Qg and Bf than the weaker
disturbances cause on the leeward side of the wing.

While the previous discussion has noted small effects of
wing thickness and the Kutta condition on the wing flow field
on the extended chord plane and on the vertical plane of
symmetry, the question arises whether the effects of these
parameters are negligible in the neighborhood of the vortex.
Accordingly, the results were examined for a radial trace
through the vortex center. Figure 12 shows a machine generated
plot of the flow 3 chord lengths behind the trailing edge of
the 2R = 2 rectangular wing. In order to bring out the
vortex formation, szina has been subtracted out of the vertical
velocities. The root chord is at R = 20 and the wing tip is
at R = 30.78. The vortex is nearly directly above the wing tip
lateral position. A radial line of the computational mesh at
¢ = 100.2° goes approximatley through the vortex center and
the vortex center lies near R = 31 to 32.

Figure l1ll(c) gives the values of age and Bf for the four
cases being considered. 1It is clear from the figure that
generally the effects of wing thickness and the Kutta condition
on the calculated value of Og and Be are small. The maximum
differences exceed 1° but are less than 2°.

5. EXAMPLE BODY AND RECTANGULAR WING COMBINATION

5.1 Preliminary Considerations

Data are avilable on the local flow fields for a rectangu-
lar wing-body combination and for its component body from
measurements made under the Bumblebee Program, References 6
through 9. The data provide a means for evaluating the

accuracy of an Euler code in predicting the local flow field




........

behind a wing-body combination in a position where an empennage
might be located. The local flow field data included angles

of attack and sidewash, dynamic pressure, Mach number, and
total pressure.

Basically, the local flow field gquantities which determine
the normal force on the fin mounted on the body are the local Mach
number, dynamic pressure, and flow angle in a plane normal to the fin
chord plane. These are the basic quantities for which compari-
sons are made between data and the predictions of the Euler
code.

The flow field at a possible tail location behind the fins
of a wing-body combination is influenced by both the body and
the wing. At an angle of attack of 16° a body will generally
exhibit symmetric vortex separation so that the flow field at
the tail position will be influenced by body vortices. Also,
the fins of the wing will shed additional vortices which will
interact with those due to the body. The fins may also change
the flow separation characteristics of the body section behind L
the wing compared to what they may have been without the

wing present. The body vortices up to the wing position will

be unchanged by the presence of the wing, but may be altered

in strength and position as they pass over the wing. The

Euler code accounts for all these vortex effects by imposing

the Kutta condition at specified primary separation locations on

the body and fins. The wing-body combination will now be

described preparatory to specifying the lines of primary

separation.

The rectangular wing-body combination for which the

comparisons are made is shown in Figure 13 as taken from

Reference 6. The flow surveys for the complete configurations

~
o were made at station 3, two chord lengths behind the wing
N trailing edge. Calculations without the vertical fins

present will be presented. Note that the wing section is a




biconvex airfoil 10 percent thick. The leading-edge semiwedge
angle is 11.3° which, when added to an angle of attack of

16°, produces a total deflection angle of the flow at the
leading edge on the lower surface of 27.3°. This angle exceeds
the shock detachment angle for two-dimensional wedges of 23° at
M_ = 2.0. Accordingly, the Euler code will not march since the
flow is subsonic behind a detached, unswept, leading-edge
shock. For this reason the Euler code was applied to the
combination with a rectangular wing of no thickness. As shown
in the previous section, thickness did not significantly change
the flow field behind the wing alone of Reference 4.* Even
though the airfoil section of the present fin is different from
that of the wing in the previous section, it is assumed that
wing thickness distribution will not significantly affect the
calculated flow field in the wake. Turning now to the wing-
body combination, it will be noted that the upwash angle cal-
culated near the wing-body juncture will not exceed the shock
detachment angle so that the wing with no thickness does not
detach the leading-edge shock wave at o = 16°. However, the
data at station 3 show upwash angles slightly in excess of the
shock detachment angle but the excess is within the accuracy

of the local angle of attack measurements.

Results will be presented for the body alone as well as
the wing-body combination. The location of the primary
separation lines are thus of interest to both cases. For the
body alone, the polar angle of separation is specified for the
conical nose and the cylindrical afterbody. These positions
are determined from the correlation curves of Reference 3,
Figures 6 and 7. For the conical nose the value of ¢Sl of 163°
was found from the correlation curve and for the cylindrical
afterbody ¢g; = 80°. A cubic transition was made behind the
nose from 163° at the shoulder of the nose to 80° a distance
about 1.8 diameters behind the soulder with zero slope at

*This conclusion holds only for no shock detachments.
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at each end. This distance is an approximation based on the
schlieren pictures in Reference 13. For the wing-body combina-

JE

tion the same locations of primary separation lines were speci-
fied in front of the winged section. Over the winged part of
the combination no body primary separation line was specified. fj
The Euler code continued to generate the primary separation

A line by the persistence of vorticity as described in -
E Reference 3. Behind the wing, the afterbndy separation line
: was taken as that for the body alone. The wing-tip
separation was handled in this example in the same manner as
for the previous example, i.e., a Kutta condition was applied

AR

to ensure that the flow on the upper surface at the wing tip

separates parallel to the tip.

It is noted that although the body alone nominal angle of
X attack is 16°, the actual angle in the wind tunnel was 16.85° N
because of model deflection. This angle was used in the
calculations. For the wing-body combination, the actual angle
of attack was 17.45° for a 16° nominal angle of attack. E

, 5.2 Body-Alone Flow-Field Comparisons

While the primary purpose of this study is to make flow-

~11

7 field comparisons between data and Euler code predictions, it is
important to know if the shed vorticity and body loading are
well predicted by the Euler code. For this body the vorticity
distribution was not :measured although the body axial lcading
distribution is available from Reference 14 and the body flow N
field from Reference 7. Vortex strengths for an ogive cylinder
body as measured and as calculated by an Euler code were favor-
ably compared in Reference 2. It is a resonable conjecture that

X f-a 2 »

the Euler code will predict the amount of vorticity shed by the
present cone-cylinder given the primary separation lines on
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cone and cylinder. The experimental axial loadings will now
be compared with the prediction of the Euler code before
considering the body flow-field results.

The axial distribution of local normal-force coefficient
per unit angle of attack on the Bumblebee body is shown in
Figure 14 where the experimental loadinc is compared with the
predictions of the Euler code. On the conical nose, which
extends to z/D = 1.86, the loading is linear with axial
distance, and is very well predicted by the Euler code with the
flow separation model for the conical nose. Crossing the
shoulder onto the body a sharp decrease in loading is predicted
which also agrees well with the data. Behind the shoulder on
the cylindrical portion the loading falls asymptotically.
However, the data exhibit a more rapid fall than the Euler code
so that the loading at the survey station is somewhat over-
predicted.

The flow velocity vectors at the survey station in the upper
guadrant as measured are presented in Figure 15 to give a general
idea of the flow field. The radial lines differ by increments
of 5°. There is evidence of a vortex and recirculation region
above the body. Some of the measured flow angularities at the
extreme right seem to be excessive for some unknown reason.

Also the flow sidewash angles on the plane of symmetry above
the body should be zero but are not.

Comparable results obtained from the Euler code are shown
in Figure 16 for the upper and lower quadrants. While the
same qualitative flow character is exhibited, there are definte
quantitative differences in the flows. These are best
exhibited by detailed comparisons along radial lines in the
flow as presented in the following figures.

Detailed comparisons will be made for the following flow
guantities at z/D = 10.95.
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Quantity Figure
1. Flow angle normal to 17

radius, ae

2, Angle of radial outflow, Bf 18
3. Local Mach number, Ml 19
4. Ratio of local dynamic 20
pressure to free-stream
value, q,/q,
5. Ratio of local total 21

pressure to free-stream
value, Py /pt
1 oo

Comparisons are made along radial lines at various angular
locations around the body. Letting ¢ = 0 be the windward
plane of symmetry, comparisons are shown for ¢ = 0, 45°,
90°, 135°, and 180° for each of the above quantities.

Before examination of the éomparisoné between data and
predictions, it should be pointed out that two series of pre-
dictions were made. The first series uses a nonvariakle
mesh from the shoulder of the body all the way downstream.
This mesh has 40 equally spaced radial nodal points and 37 nodal
points in the polar angle. The angular spacing of the radial
mesh lines was uniform. The conical nose was calculated with
a coarser grid of 17 by 19 versus 40 by 37 on the cylindrical
body. It was found that the radial spacing on the windward
side was adequate. On the leeward side the distance frcm the
body to the nose wave is much greater than on the windward side
with the result that the radial distance between nodal points
is much greater. Since a reverse flow regime occurs on the
leeward side, the spacing was such that this reverse flow was
not well resolved in the radial direction. Thus, a second

series of calculations was run.
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_ In the second series of calculations, radial clustering
m . was used to improve the mesh resolution on the leeward side,
particularly in the region of the vortex and on the leeward
meridian. Let

_r - a
gu r - a
s

(5)

be the parameter associated with the unclustered mesh. Then

the clustering was accomplished by the following rule:
(6)

This equation produces a clustering of the radial nodes near
the body which is controlled through the use of the parameter n.

In the first clustering run, a value of n was chosen which
gave fairly fine clustering near the body and the clustering
was started slightly behind the body shoulder at Z = 3.0.

After proceeding satisfactorily about half way down the body,
the code developed an instability which prevented further
calculation. This instability was overcome by applying the
clustering gradually according to the following schedule.

Z n
3-6 0
6-11 1.2

11-15 1.35

This approach eliminated the instability.

The original Euler series of calculations with no cluster-
ing developed oscillation as a function of r/a for some of the
guantities. For oe and Bf no serious oscillations occurred;
for Ml
ql/q°° and p, /ptoo serious oscillations occurred at & = 135°

serious oscillations occurred at 6 = 90° and 135°; for

and 180°. T%e oscillations occurred principally over the
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inboard stations. The two series are generally in agreement
over the outboard stations. Thus, the oscillations d4did not

influence the accuracy outboard. It is interesting that ag

and Bf were much less subject to oscillations than M, ql/qm
and ptl/ptm' In view of these facts, it was decided to cluster
the radial nodes in the vicinity of the body. This approach

: led to generally lesser oscillations, although they were not 1
Ig; entirely eliminated as seen in Figures 17 to 21. Comparisons )
?ﬁ with the data will be made for the calculations based on ]
- ’ clustering. 3
23: Comparisons between the Euler calculations and data for 3
Eé‘ the flow angle normal to the radial lines are shown in Figure 17. ¢

The quantity O should be zero for the ¢ = 0 and ¢ = 180° radial i
lines [Fig. 17(a) and (e)]. It is noted that several data

points show values of Of from 4° to 5°, a result interpreted 1
here as possible experimental error. The data in Figure 17(d)

exhibit differences for measurements taken at corresponding

points on the left- and right-hand sides of the body which i
are as much as 8°., For ¢ = 45° JFig. 17(b)] the theory

underpredicts the values of ag slightly, but the data exhibit -
a systematic trend. For ¢ = 90° [Fig. 17(c)] the same results

as for ¢ = 45° are obtained. The reverse flow near the body ?
is not well resolved by the mesh.

For ¢ = 135° [Fig. 17(d)] there is reverse flow near the
body but the data are not adequate to pin down the reversal
point. The flow reversal near the body is predicted by the
Euler code at about r/a = 1.4.

The results for the radial flow angles measured with
respect to the body axial direction are presented in Figure 18.

i It is noted that Bf = 0 at the body surface and is positive for
%f outflow. The only repeat data [for ¢ = 135°, Fig. 18(d)] exhibit
ﬁ' a variation in Bf from left to right as large as 9°. However,

most of the data exhibit systematic variations which are in fair
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agreement with the prediction except for the inboard station

for ¢ = 135° where the accuracy of both data and theory are

in question. The oscillation in the theory may be associated
with too few nodal points in the reverse flow. The flow angu-
larity af is generally well enough predicted for most engineering
purposes, but Bf is well predicted only on the windward side.

The crossflow stagnation point for ¢ = 180° is predicted at

about r/a of 2.4 [Fig. 18(e)] and from the data is at about

r/a = 3.1.

The comparisons for local Mach number are shown in

Figure 19. Examining first the ¢ = 135° data, [Fig. 19(d)], it
is seen that at r/a of 1.68 the Mach numbers between the left-
and right-hand sides differ by about 0.2. For ¢ = 90° and 135°
the mesh resolution was not sufficient to define the predicted
curve for the inboard stations well and oscillation resulted.
Dashed straight lines are used to connect adjacent predicted
points. Generally, the predicted local Mach numbers are well
within #0.1 of the data on the windward side [Figs. 19(a)-(c)].

Consider now the comparisons for the ratio ql/q°° in
Figure 20. The only accuracy check available for the data and
theory is that ql/q°° should approach unity for large r/a. Both
data and prediction exhibit this tendency. The data taken for
¢ = 135° and ¢ = 225° [Fig. 20(d)] exhibit differences in
ql/q°° of as much as 0.085. Before comparing the data and
the predictions, it is noted that a strong oscillatory behavior
of the solution occurs at ¢ = 135° for r/a < 1.6, a region of
reverse flow. At ¢ = 180° [Fig. 20(e)] there are some mild
oscillations in the inboard region. The difference between the
predicted and measured values of ql/qm are within about 0.1 for
$ = 0, 45°, 90°, and for ¢ = 135° outside the reverse flow
region. At ¢ = 180° the prediction generally over-predicts
q,/4, by about 0.1.
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The final flow quantity for which comparisons will be
made is the ratio of local total pressure to free-stream
total pressure. Figure 21(d) shows the repeatability of the
measurements between corresponding points on the left and right
sides. A difference as large as 0.1 in the ratio exists. For
the windward positions, ¢.= 0° and_ ¢ = 45° [Figs. 21(a) and (b)]
the Euler code somewhat overpredicts the total pressure on
average. For ¢ = 135° [Fig. 21(d)], a position close to the
vortex core, there is a region of reduced total pressure near
the body. The total pressure on the leeward meridian
[¢ = 180°, Fig. 21(e)) seems quite high for a vortical region.
The value of the ratio greater than unity is clearly experi-

mental error.

One point is noteworthy, that the calculated total
pressure ratio has the same value for all points on the body;
namely 0.917. This fact indicates that the body surface is at
constant entropy. The entropy S of a given thermodynamic
state can be related to that of a reference state by the
following result from Equation 23(b) of Reference 15.

P
- = P . R
S Sg cvzn Y Cydn ; 7 (7)
, P pR)
(R.T,)Y
Y Y1
e t
(R.T,)Y p
_ Gt _ R
S = Cvi’.n T + SR Cvkn _Y (8)
- Pt PR

Thus, for constant total temperature, T,, as assumed in the Euler
code, the local total pressure depends only on the local entropy.
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Except for regions of oscillations over the inboard
station for ¢ = 135° and 180°; the Euler code predicts

ptl/ptoo within 0.1 for all ¢.

5.3 Wing-Body Flow-Field Comparisons

Data are available from Reference 7 for the flow quantities
a distance 2 chord lengths behind the wing trailing edge of
the Bumblebee rectangular wing and body combinations. Compari-
sons are made between the data and the predictions of the
Euler code for flow angle normal to the radius (af), local
Mach number (M;), and local dynamic pressure ratio (ql/qw).
These are the parameters that are important in determining
the normal force on a fin in a nonuniform flow field by strip
theory. For instance, if cn(af,Ml) is the two-dimensional
normal-force coefficient corresponding to oc and M, for the
given airfoil section, then the fin normal-force coefficient
Cnp could be estimated by the following formula.

s
q
- K -1
CN = SF J ccn(af,Ml) 3 dy (9)

00

The normalization factor K would be evaluated by applying
Equation (9) to the same wing for uniform flow conditions close
to the mean values of Og and M, at which a theoretical or
experimental value of CN is known. Comparisons are made for

¢ 0°, 45°, 90°, 135°, {50°, 160°, 170°, and 180°. Good
coverage of the vortical region is thus obtained.

In applying the Euler code to this case the same
clustering schedule was used as for the body alone. The
afterbody primary separation line was specified as that civen
by the correlation curve for the cylinder thereby neglecting

any effect of wing downwash on the separation line location.
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It is also noted that the Euler calculations were made for

¢ = 16.85° while the data were taken at a = 17.45°. At

o = 17.45° the Euler code developed instabilities over the

wing which were not investigated. The difference in the angle of
attack is not considered significant in terms of the overall
comparisons because of uncertainty in the data and oscillations
in the Euler results.

Consider now the comparisons for ar, the angle of attack
normal to the radius from the body center. With regard to the
measurement accuracy, examine the data for the windward meridian
(6 = 0°) in Figure 22(a) and for the leeward meridian (¢ = 180°)
in Figure 22(h). Here ar should be zero for symmetric flow.
Measured values of 3° to 4° are found although most of the

values are quite small. The possibility of two stable states,
one asymmetric, is considered unlikely, and it is assumed that
the discrepancies are due to inaccuracies of some sort. Further ik
insight into the accuracy of the of data is provided by repeat
runs and by data for corresponding points on the left and
right sides for ¢ = 135°, 150°, 165°, and 170°. For ¢ = 135°
and 150° [Fig. 22(d) and (e)] there is agreement between

repeat runs and left-right data over the outer span but serious
disagreement over the inner span. In general, the accuracy
(repeatability?) of the data in the vortical region, 135° to
180°, is not good. Measurement in regions of rapid gradients
or probe interference on the vortex are both possible sources
of error.

Now with regard to the ability of the Euler code to predict
ag, @ few points can be made. For the windward side, ¢ = 45°
and ¢ = 90°, the Euler code predicts the trends of the data well
although there is an offset of a few degrees of the

predictions from the data. A very narrow region of reverse flow é
is seen at ¢ = 90° since separation is near ¢ = 80°., For the .
leeward side, ¢ = 135° to 180°, it can be said that the Euler ;ﬂ
code fits the data well in a mean sense, but the accuracy of the
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data is not sufficient to make a critical judgement on the
accuracy of the prediction of the Euler code in this region.

The local Mach number comparisons are presented in
Figure 23. Repeat runs and data from corresponding left-
right points are shown in Figures 23(d)-(h) to assess the
accuracy of the Mach number data. For ¢ = 180°, the
repeat runs are in good agreement. For ¢ = 170°, left-right
symmetry data show large differences. For ¢ = 160° the
data are in fair agreement except at one position near
r/a = 2.5. For ¢ = 150° there is significant disagreement
over the inboard stations. For ¢ = 135° the data agree well.

With respect to the ability of the Euler code to predict
Ml, the agreement between data and prediction is good for
¢ = 0°, 45°, and 90°. For ¢ = 135° and 150° the Mach number
data exhibit a dip in the middle of the span which is not
predicted. The predictions are good in a mean sense for
¢ = 160°, 170°, and 180°.

Comparisons for the local dynamic-pressure data are shown
in Figure 24. Only fair agreement between repeat runs and
left-right symmetry data is shown for ¢ = 135°, 160° and 180°.
For ¢ = 170° large discrepancies occur between the left-right
symmetry data although repeat runs on either side are in
agreement. For ¢ = 150°, significant disagreement occurs in
the data.

Turning now to comparisons between Euler code prediction
and experiment, agreement is good for ¢ = 0° and 45° and fair
for ¢ = 90°. For ¢ = 135°, the predictions show oscillations
over the inboard stations, oscillations which disappear by the
time ¢ = 180°. The dips in dynamic pressure near the midspan
are not predicted for ¢ = 135° and 160°. No critical comparison
can be made for ¢ = 170° because of the scatter of the data.

For ¢ = 180° the Euler code predicts the data well.
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6. WING-BODY-TAIL EXAMPLE
X In the previous sections of this report, the accuracy
5? of the Euler code for predicting body-alone and wing-alone
g‘ loading characteristics was examined by comparison with data.
Also, its accuracy in predicting the nonuniform flow-field
éi characteristics at a tail location was examined for both a
5ﬁ body alone and a wing-body combination for which data were
%f available. No data were found for the pressure distribution
‘ . on the tail of a wing-body-tail combination which were
pon. suitable for verifying the accuracy of the Euler code to predict :
;\- the ioading distribution on a tail in a nonuniform vortical ?
b. flow field. As an illustrative example for a complete wing-
:, body-tail combination calculated results are presented for the i
s; loading distribution for a tail placed in the nonuniform flow .
.g field of the body alone and the wing-body with the tail ;
”; leading edges starting just behind the position of the flow-
field survey at Z = 15. i
fi The body alone and the wing-body chosen for the illustra- ‘
v% tive example are those shown in Figure 13. To form the tail, }
- fins with dimensions identical to those of the wing were used.
B The tail leading edge was ﬁlaced at 2 = 15.1, just behind
3 the 2 = 15.0 survey station. To maximize the vortex inter-
o ference, an interdigitation angle of 45° was introduced.
' Comparisons were made between body-tail and body-wing-tail with
e respect to pressure distributicns, span loading, and normal
if force., Only the upper fin was included in the Euler code, and
:i comparisons were made only for this fin since it experiences
2: maximum vortex interference.
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The flow parameters just in front of the fin leading edge
are discussed first with a view to explaining the differences
in the fin loading for the body-tail and wing-body-tail. The
most important parameter is the angle of attack normal to the
fin at the leading edge shown in Figure 25(a). Both cases
exhibit downwash over the first 15 to 20 percent of the

exposed semispan. Large angles of upwash occur outboard of

the 20 percent semispan station. It seems probable that the
large loadings outboard of this station could propogate inboard
over the rear part of the wing and possibly wipe out any nega-
tive span loading on the inboard section. The presence of the
wing reduces the angle of attack over the fin by about 6° to

7° over the outer 40 percent of the semispan. The calculated
Mach number distribution across the semispan of the two
configurations is shown in Figure 25(b). Addition of the wing
to the body reduces the calculated Mach number at the fin leading
edge by about 5 to 10 percent in the outer half of the semispan.
Since the two-dimensional normal-force curve slope varies

1)1/2

approximately inversely as (Mz - , some small gain in fin

" normal force would result from adding the wing to the body-

tail. The dynamic pressure at the tail, shown in Figure 25(c),
is greater for the wing-body-tail than for the body-tail in

the middle of the fin semispan but the relationship reverses
over the outer part of the fin. This suggests very small change
in fin loading as the result of dynamic pressure effect. On
balance, it appears that the fin loading would be expected to

be less for the wing-body-tail than for the body-tail as a
result principally of the angle-of-attack effect.

Consider now the pressure distributions near the midspan
(53 percent semispan) as shown in Figure 26 for both cases.
As expected the magnitude of the pressures for the wing-body-
tail are substantially less than for the body-tail on both
surfaces. The same result is seen for the pressure distributions
along the midchord of the tail as shown in Figure 27. The
local loading at the root chord is essentially zero.
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‘;{ The local section normal-force coefficient for a

b rectangular wing are proportional to the span loading. These

j . are shown in Figure 23 for both body-tail and wing-body-tail.

;3 Large reductions in s